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I. INTRODUCTION

Imidophosphorus compounds (IPC) containing at least
one alkoxy-group at the phosphorous atom are as a rule
converted into the corresponding amides on treatment with
electrophiles. This reaction was observed in 1955 by
Kabachnik and Gilyarov1 and called the "imide-amide
rearrangement". The centre of electrophilic attack in
IPC may be not only the nitrogen atom (as in the imide-
amide rearrangement) but also other atoms forming part
of the conjugated system, for example, the oxygen atom
of the carbonyl group in acetylimidophosphate2 or the
oxygen atom of the phosphoryl group in phosphorylimido-
phosphates3, as well as the sulphur atom of thiophos-
phorylimidophosphates4. These reactions have been called
the "imide-imide rearrangement"5. It is noteworthy that
the majority of studies on the imide-amide and imide-
imide rearrangements have been carried out during the
last ten years.

The IPC nomenclature recommended by IUPAC 6 is
used in this review, but in a number of instances, the
names of compounds are quoted as given by the authors of
the studies under consideration.

II. THE IMIDE-AMIDE REARRANGEMENT

In a general form the imide-amide rearrangement can
be represented schematically as follows7:

R O X

A—P=NR' >P-N
\ R

+ RX

where Z-X is an electrophile and A and B are substituents
at the phosphorus atom. Alkyl halides, acyl halides,
phosphorus acid chlorides, chlorotrimethylsilane, or the
IPC itself (in thermal isomerisation) may be used as the
electrophiles. Dealkylation reactions during hydrolysis
and on treatment with acids also belong to imide-amide
rearrangements.

The imide-amide rearrangement of IPC may be com-
pared with the rearrangement of alkyl imidocarboxylate
esters to the corresponding amides8:

,OR'

*NR"
>R-C

The analogy between the imide-amide rearrangement
and the Pishchimuka rearrangement9 should also be noted:

RO—P--=S- >-SR

This analogy is not merely formal, being manifested also
by the conditions of the rearrangement and the factors
which influence its rate.

1. Rearrangement Under the Influence of Alkylating and
Acylating Agents

(a) R e a r r a n g e m e n t under the i n f l u e n c e of
a l k y l h a l i d e s . The first example of the imide-amide
rearrangement was described by Kabachnik and Gilyarov1

in relation to the transformation of triethyl phenylimido-
phosphate (I) into 0,0-diethyl-iV-ethylanilLdophosphate(II):

C2H5OX

C2H5O-P=NC6H5 gn^ft-;1-

(I)

O

\p-N<

(ID

A study of the reaction of trimethyl arylimidophos-
phates (III) on refluxing with methyl iodide showed10*11

that electron-accepting substituents in the benzene ring
hinder the isomerisation:

(CH,O)g P=NC6H4X •
(III)

(CH3O)2P(O)N(CH3)C6H4X
(IV)

The influence of alkyl halides on the rate of rearrange-
ment of the imidophosphate (I) has been followed in rela-
tion to benzyl chloride and ethyl iodide. In the former
case the rearrangement proceeds under more severe
conditions (heating for 5 h at 130°C) than in the latter
(refluxing for 6 h). Thus the same behaviour is observed
as in the Pishchimuka thione-thiol rearrangement12.

A number of workers u>13>14 studied in detail the influ-
ence of substituents A and B in ethoxy(phenylimido)phos-
phorus compounds (V), having investigated the kinetics of
their reactions with ethyl iodide in acetonitrile at 50°C:

(VI)
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It was found that the kinetics are described satisfactorily
by a pseudo-first order equation. The rate constants are
given in the Table.

The rate constants for the rearrangement of phosphorus(V)
acid phenylimides AB(C2H5O)P=NCaHs under the influ-
ence of ethyl iodide.

A

CJH.0
C,H5
CH3

B

C 2 H 6 O
C 2 H 6 O
C 2 H 5 O

l O 3 * , litre II
mole'l A
min"l II

0,92 C2H6
1.14 C2H6
2.85 C2H5

B

C2H6O
C6H5
C2H6

103fc, litre
mole"'
min"l

3.06
4.13

10.45

It has been established15 that the rearrangement of
triphosphatriazines and tetraphosphatetrazines is
catalysed by alkyl halides. Thus tetraphosphatetra- **
zine (VII) is converted into 2,4,6,8-tetraethoxy-l,3,5,7-
tetraethyl-2,4,6,8-tetraphospha-l,3,5,7-tetrazine(VIII) on
heating with ethyl iodide (4.7 h, 170°C):

N4P4 (OR)8 — - * (RO) P (O) [N (R) P (O) (OR)]3 NR ;
(VII) (VIII)

R=C2H6 •

When alkyl halides were used with an alkyl group
different to that in the initial triphosphatriazine (DC),
compound (X), containing different substituants at the
phosphorus and nitrogen atoms, was obtained16:

(IX)

5x~* (RO) P (O) [N (R') P (O) (OR)]2 NR' ;

(X)
R=C2H6 •

When triphosphatriazine (DC) was refluxed with ethyl
iodide in the dark for a week, it was possible to obtain
the partial rearrangement product (XI), which, on further
heating with isopropyl iodide (35 min? 175-180°C), was
converted into l,3-di-isopropyl-2,4,6-triethoxy-5-ethyl-
2,4,6-triphospha-l,3,5-triazine (XII):

(IX)
(XI)

I 1
C2H6OP (O) N (C3H7-iso) - P (O) (OCjH5) N (C,H,-iso) P (O) (OC2H6) NC2H6

(XII)

It is noteworthy that a similar rearrangement of alkyl
cyanurates has been observed. Under the influence of
electrophiles or on heating (180-210°C), 2,4,6-tri-
alkoxy-l,3,5-triazines are converted into 1,3,5-trialkyl-
2,4,6-trioxo-l,3,5-triazines17 (XIII):

OR

1
RO—C:/N-SN.O=<

R O
I II

>N-R

OR
(XIII)

The synthesis of (IV) and (VI) via the imide-amide
rearrangement is of preparative value 10>u>13. A number
of chromatographically pure iV-methylanilines have been
synthesised by the hydrolysis of dimethyl iV-methyl-
anilidophosphates.
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(b) Rea r r angemen t in the p resence of
ca ta ly t i c amounts of boron t r i f l u o r i d e
e the r a t e . It was found18 that the imide-amide
rearrangement of arylimidophosphorus compounds takes
place under mild conditions (at room temperature or on
slight heating) in the presence of catalytic amounts of
boron trifluoride etherate:

RO—P=NAr
BF,-ether.

RO' vAr

(c) Rea r r angemen t under the influence of
acyl h a l i d e s , phosphorus acid c h l o r i d e s ,
and c h l o r o t r i m e t h y l s i l a n e . The reactions of IPC
with acylating agents take place much more vigorously
than with alkyl halides. Triethyl phenylimidophosphate (I)
gives rise to diethyl iV-acetylanilidophosphate as a result
of an exothermic reaction in iso-octane1:

o
(i) + CH3COC1

C,H6ON

C2H6O-
. 1 /

C (O)CH3

+ C2H5C1

The reactions of dialkyl chlorophosphates and diphenyl
chlorophosphinate with phenylimido- and methylimido-
phosphorus compounds take place vigorously, the corre-
sponding bisphosphoryl compounds being formed19*20, for
example:

o 00

(I) + (C2H,O)a P - C I (C2H6O)2 P—N—P (OC2H6)2 + C2H5C1

C6H6

Compounds (XIV) have been synthesised similarly from
tetramethyldiamidochlorophosphate21:

o o
11 11

[(CH3)2 N]2 P (O) Cl + (RO), P=NR -* [(CH3), N]a P - N - P (OR)2 + RC1 .
I

R
(XIV)

R=CH3 or C2H6 .

The reaction of O -ethyl methylchlorothiophsophonate and
S-ethyl methylchlorothiophosphonate with triethyl ethyl-
imidophosphate leads to the formation of compounds (XV)
and (XVI) 22:

(C2H5O),P=NCjH,
ClP(S)(OCiH,)CH, I ClP(O)(SC,H,i)CH,

O S

(CjH6O)2P—N—P (OC2H6) CH3

Q H , (XV)

i

(C2H6O)2 P - N - P (SC2H6) CH3

C2H6

(XVI)

Thus, in all the reactions of IPC with phosphorus acid
chlorides considered phosphorylation takes place at the
imide nitrogen atom. This reaction has been suggested
as a general method of synthesis of bisphosphoryl-
N-aryl(or alkyl)imides and (phosphoryl)(thiophosphoryl)-
N-aryl(or alkyl)imides. Thus bis(diphenylphosphoryl)-
iV-phenylimide, obtained by the method discussed, could
not be synthesised by any other procedure23. iV-Tri-
methylsilyl derivatives of phosphoric acid amides have
been obtained by the reaction of phenylimidophosphorus
compounds with chlorotrimethylsilane (4 h, 50°C), for
example compound (XVII):

(I) + (CH3)3 SiCl
C2H5Oxf

QHSQ/

J /
Si (CH3)3

(XVII)
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The reactions of benzoyl chloride with 2,2,4,4,6,6-
hexaethoxy-2,4,6-triphospha-l,3,5-triazine (IX) (1 h,
130-140°C) and 2,2,4,4,6,6,8,8-octaethoxy-2,4,6,8-tetra-
phospha-l,3,5,7-tetrazine (5 h, 140-150°C) have been
investigated15'24'25. A mixture of products is obtained in
both cases (ethyl chloride, ethyl metaphosphate, and
benzonitrile). The authors suggest that the first stage of
the reaction is an imide-amide rearrangement as a result
of nucleophilic attack by the nitrogen atom on the carbon
atom of the carbonyl group; this results in the formation
of ethyl chloride and the unstable l,3s5-tribenzoyl-
2,4,6-triethoxy-2,4,6-triphospha-l,3,5-triazine (XVIII):

COC6H5

CHjCOCl
\ > > 3C2HBOPO2 +3C6H6CN

(XIX){'•"•> -C2H,C1
C6HBCO-N N-COC6HB

XO^ X OC 2 H 5

(XVIII)

The intermediate (XVIII) forms on decomposition ethyl
metaphosphate (XIX) and benzonitrile. Part of the latter
is converted into 2,4,6-triphenyl-l,3,5-triazine under the
reaction conditions.

2. Rearrangement During Hydrolysis and on Treatment
with Acids

WhenlPC with at least one alkoxy-group at the phos-
phorus atom are hydrolysed or treated with acids, they
are dealkylated and the imidophosphates is converted
into the amidophosphate, i.e. an imide-amide rearrange-
ment takes place. Extensive experimental data on the
hydrolysis of IPC have been surveyed in a monograph28.

The general characteristics are in this case the same as
on treatment with other electrophiles, namely the resis-
tance to hydrolysis on treatment with acids increases with
enhancement of the electron-accepting properties of the
substituent at the nitrogen atom. Thus triethyl methyl-
imidophosphate is readily hydrolysed by atmospheric
moisture and on mixing with water heat is evolved27:

(C2H5O)3P=NCH3

H,O
• (C2HBO)2 P (O) NHCH, + C2HBOH

The imidophosphate (I) is converted into diethyl
anilidophosphate (XX) on treatment with benzoic acid
in xylene at room temperature1:

(C S H 6 O) ,P=NC,H 6 -

H;O
(C2HBO)2 P (O) NHC,H6 + C2HBOH

(XX)

(C s H,O) 2 P(O)NHCH, + C,H i0O0
(XX) (XX)

Triethyl diethoxyphosphorylimidophosphate is resistant to
the action of formic or acetic acid on heating27. It has
been found that the interaction of imidophosphates with dry
hydrogen chloride is the best method for converting
imidophosphates (RO)3P=NR' into amidophosphates
(RO2)P(O)NHR', where R' is an aryl1 '29, acetyl30, halo-
genoacetyl30, methanesulphonyl28, dialkoxyphosphoryl,
or dialkoxythiophosphoryl31 group, for example30:

(C2H6O)3P=NGOCF3- • (C2HBO)2 P (O) NHCOCF, + C2HBC1 .

3. Rearrangement on Heating (Thermal Isomerisation)

The greatest number of studies on the imide-amide
rearrangement have been devoted to the thermal iso-
merisation of IPC. Such isomerisation was observed for

the first time by Kabachnik and Gilyarov for trimethyl
phenylimidophosphate1. On being vacuum distilled (at
150-180°, 0.1 mmHg), this substance partly isomerised
to dimethyl iV-methylanilidophosphate. It is of interest to
compare thic reaction with the thermal isomerisation of
trimethyl thionophosphate and trimethyl thiolophosphate32.
We shall consider the factors influencing the ease of the
thermal isomerisation of IPC of the type (RO)ABP=NX;
these are as follows: (a) the structure of R in the alkoxy-
group; (b) the nature of the sudstituents A and B at the
phosphorus atom and of the substituent X at the nitrogen
atom.

The isomerisation proceeds most readily with methyl
esters and is hindered as R increases in size. It has
been shown33 that thermal isomerisation of allyl diethyl
phenylimidophosphate takes place at 160°C and the allyl
group is the alkylating species:

o
(C2HBO)2P=NC9H5 C,H,O ) ,C,HB

I - V-N<
CHa=CHCH2O QHjO/ xCH2CH=CHa .

It is of interest to note that the replacement of theethoxy-
groups at the phosphorus atom by the more electron-
accepting phenoxy-groups facilitates isomerisation, which
takes place even on distillation (90-120°C).34

Pudovik and coworkers described a number of instances
of the imide-amide rearrangement. When an attempt was
made to distill the imidophosphonate (XXI), the cyclic
phosphonate (XXIII) was obtained35, evidently owing to
cyclisation of the product (XXII) of the imide-amide
rearrangement formed initially:

o o
C2H6O

C2HBC/T
N'tCeH, O

(XXI)

C,H6OPCH2CH2C
• " I \ -

N C,H5NH

C6HB C2H6

(XXII)
+ C6H6NHC2H6 .

(XXIII)

The thermal isomerisation of the imidophosphates (XXIV)3

and (XXV) 37 leads to the corresponding AT-ethylanilido-
phosphates:

C2HBON
\ P O C H (C8H5) X -> C2H6OPOCH (C,HB) X ;

|| |
NC6H5 C2HBNC8HB

(XXIV): X=COOR;
(XXV): X = P (O) (OC2H6)2.

It is noteworthy that the ethoxy-group is then involved in
the isomerisation (when the phenyl group is present at
the nitrogen atom)35"37.

When an attempt was made to obtain trialkyl imido-
phosphates unsubstituted at the nitrogen atom by the
interaction of trialkyl phosphites with hydrazoic acid,
their thermal isomerisation products were isolated:
O,O-dialkyl iV-alkylamidophosphates 38'39.

When a methyl or ethyl group is present at the nitrogen
atom, heat is required for the rearrangement40. Thus
trimethyl methylimidophosphate and 0,0-dimethyl phenyl-
(methylimido)phosphonate (XXVI) isomerised to the cor-
responding amides in 1.5 h at 120°C:

o
ii

(CH3O)2 C6H6P=NCH3 -* (CH3O) C 6 H 5 P-N (CH3)2 .
(XXVI)

It was not possible to isolate the thermal isomerisation
products of ethylimidophosphorus compounds40. The
thermal isomerisation of trimethyl methylimidophosphate
has been mentioned41, but without a description of the
experiment.
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A considerable number of studies have been devoted to
the thermal isomerisation of IPC containing electron-
accepting substituents at the nitrogen atom—such as
alkoxycarbonyl (ROCO), arenesulphonyl (ArSO2), disub-
stituted phosphoryl [XYP(O)], dialkoxythiophosphoryl
[(RO2)P(S)], etc. groups.

Trimethyl alkoxycarbonylimidophosphates (XXVII)
isomerise at the boiling point of ether42:

o o o
II II II /CH3

(CH3O)3 P + N3COR -»(CH3O)3 P=NCOR -» (CH3O)2 P -N<^

(XXVII) (XXVIII) II

o
This results in the formation of the corresponding
dimethyl N-alkoxycarbonylmethylamidophosphates (XXVIII).
The replacement of the methoxy-group at the phosphorus
atom in compound (XXVII) by electron-donating sub-
stituents (a methyl group43 or a dimethylamino-group44)
increases the resistance to thermal isomerisation; the
corresponding compounds may be vacuum distilled without
decomposition.

It has been shown45 that trialkyl arenesulphonylimido-
phosphates isomerise on heating to esters of iV-arene-
sulphonyl-iV-arylamidophosphoric acids (XXIX):

o

(R0)3 P=NSO2Ar -» (R0)2 P—N<

(XXIX)

sSO2Ar

The isomerisation of triethyl toluene-/>-sulphonyl-
imidophosphate (XXX) to diethyl iV-toluene-^-sulphonyl
N-ethylamidophos phate (XXXI) during distillation (at
200°C) has been observed46:

(C2H5O)3 P=NSO2C,H4CH3-p

(XXX)

P - N ^ 6

\SO2C9H4CH3-p
(XXXI)

According to the authors46, (XXXI) is partly converted
into the initial imidophosphate (XXX) at 200°C, i.e. the
reversible reaction (XXX) ^ (XXXI) takes place. How-
ever, the evidence which they present (changes in the
XH NMR spectrum) is insufficient to sustain this claim.

The imide-amide rearrangement of O-alkyl dichloro-
(halogenosulphonylimido)-phosphates (XXXII) to amido-
phosphates (XXXIII) under the influence of ether or dioxan
has been observed47'48:

a R o
XSO2N=PC13 + ROH r ~ " " ^ XSO2N=P—OR -* XSO..N—P^

Cl
(XXXII) (XXXIII)

R=CH 3 , C2H5, oriso- Q H , , X=C1, or F .

The imidophosphates (XXXII) cannot be vacuum distilled
(decomposition) and, on refluxing them in ether (or
dioxan) for 20 min, compounds (XXXIII) were obtained
in high yields. Together with the main product (XXXIII),
the catalytic isomerisation results in the formation of the
Ar-ethylamide XSO2N(C2H5)P(O)C12 (XXXIV) and the mixed
ether ROC2H_.

(XXXII) + (C,H5),0 XS02N— P—Cl

Cl

(XXX1U)

(XXXIV)

The authors49 observed that, when AW-bis(alkoxy-
dichlorophosphoranylidene)-sulphamides (XXXV) iso-
merise, the alkyl group also migrates to the nitrogen
atom with formation of the amidophosphates (XXXVI):

O2S(N=PC12OR)2-
(XXXV)

>O2S[N(R)P(O)C12]2

(XXXVI)
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The authors 49 noted that ether influences the rate of
isomerisation. The phenyl ester (XXXV, R = C6H5) does
not isomerise even on prolonged heating.

The mode of thermal isomerisation of phosphoryl-
imidophosphates (RO)3P=NP(O)XY depends on the nature
of the substituents at the phosphorus atom (X and Y).
When X and Y are alkoxy-groups, the alkyl group migrates
exclusively to the imide nitrogen atom. When X and Y
are electron-donating (alkyl) groups, the oxygen atom of
the phosphoryl group is alkylated (imide-imide rearrange-
ment). If X is an alkyl and Y an alkoxy-group, there is a
possibility of the formation of products of both imide-
amide and imide-imide rearrangements.

The rate of thermal isomerisation of trialkyl dialkoxy-
phosphorylimidophosphates (XXXVII) depends markedly
on the nature of the alkyl substituent R 50:

R0N
o

R O - P = N — P

•R0/

.OR' R0 N

XOR' RO '

.OR'

(XXXVII)

Thus trimethyl dimethoxyphosphorylimidophosphate
(CH3O)3P=NP(O)(OCH3)2 partly isomerises at 50-60°C,
and on vacuum distillation (100°C) the isomerisation goes
to completion; triethyl dimethoxyphosphorylimidophos-
phate (C2H5O)3P=NP(O)(OCH3)2 isomerises only as a result
of heating for many hours at 150-160°C.

The thermal isomerisation of 2,2,4,4,6,6-hexaethoxy-
2,4,6-triphospha-l,3,5-triazine, 2,2,4,4,6,6,8,8-octa-
ethoxy-2,4,6,8-tetraphospha-l,3,5,7-tetrazine, 15»51 and
2,2,4,4,6,6,8,8-octa-(j3-chloroethoxy)-2,4,6,8-tetraphospha-
1,3,5,7-tetrazine (refluxing for 16 h in dichloroethane)52

also leads to N-alkyl derivatives:

^ p / 0 0 ^ 5 ^ 200°C (1 h for trimer) I C 2 H 5 ° \ p

' ^ N I 200°C (4 h for '
\ In tetramer)

n "= 3 or 4.

Two products are formed from triethyl ethoxymethyl-
phosphorylimidophosphate (XXXVIII): the product of the
imide-amide rearrangement (XXXDf) under more severe
conditions (at 170°C) and the product of the imide-imide
rearrangement (XL) under milder conditions (at 130°C)53>54:

(C2H6O)3P=NP

(XXXVIII)

( C 2 H 6 O ) 2 P - N - P /

C2H5

O

(XXXIX)

•CH,
—» (C2H6O)2 P - N = P - O C 2 H 5

^OCsHj
(XL)

The imide-imide rearrangement of compounds contain
ing other substituents at the nitrogen atom has been little
investigated. The reaction of triethylstannyl azide with
trimethyl phosphite (heating, 160°C) gave the thermal
isomerisation product (XLI) 55:

o
(CH3O)3 P + N3Sn (C2HS)3 ^ [(CH3O)3P=NSn (CH3O)2 P - N - S n

CH3
(XLI)

When trimethyl phosphite interacts with trimethylsilyl
azide (8 h, 100-120°C), dimethyl iV-methyl-A^-trimethyl-
silylamidophosphate (XLIII) is formed together with
trimethyl trimethylsilylimidophosphate (XLII).56 Since
the imidophosphate (XLII) is stable on heating (4 h,
190-200°C), the authors56 suggested that the intermediate
of Staudinger's reaction (cf.Ref. 57), namely the triazene
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(XLIVa) or the betaine (XLIVb), undergoes the imide-
amide rearrangement:

(RO)3 P=N-N=NSiR ,—
(XLIVa)

(RO)3P-N-SiR3-

N=N"
(XLIVb)

dl'_+(RO)sP=NSiR,

(XLII)

>(RO)2P-N<
II x N=NSiR 3 -—

• (RO), P-I>
II
O

s SiR ,

(XLIII)

R

P—N+—SiR3-
II I

O N = N ~

R=CH3.

It has been shown recently58 that, when the imidophosphate
(CF3CH2O)3P=NSi(CH3)3 is heated to 200°C, the imide-
amide rearrangement does not occur and the linear poly-
meric product [-N=P(OCH2CF3)2-]n is formed.

Examination of studies on the imide-amide rearrange-
ment on heating permits a conclusion concerning the
influence of the substituents at the phosphorus and nitrogen
atoms on the rate of isomerisation:

R 0 \ A ? R
A—P=NX -» NP—N<f

Since the IPC itself plays the role of the alkylating agent
in thermal isomerisation, enhancement of the electron-
accepting properties of substituents A and B facilitates
the isomerisation. Thus 0-methyl dichloro(dichloro-
phosphorylimido)phosphate (XLV) partly isomerises to
bis(dichlorophosphoryl)-iV-methylimide (XLVI)59 even at
room temperature. On the other hand, O-methyl
Ar,AT>iV'jA^'-tetramethyldiamido(dimethoxyphosphoryl-
imido)phosphate (XLVII) remains unchanged after heating
for 10 h at 95-100°C, decomposing under more severe
conditions (5 h, 130°C) 21:

o
n

CI3P=N—PCI 2 + CH3OH

CH3O
Cl—P=N—I

(XLV)

[Cl2P(O)]aNCH,

(XLVI)
O O

(CH3O) [(CH^j N ] , P = N - P (OCHj), -.* [(CH3)2 N] 2 P - N - P (OCH,), .

(XLVII) CH,

When electron-accepting substituents {arenesulphonyl
(ArSOa), dialkoxyphosphoryl [(RO)2P(O)], and similar
groups) are introduced at the nitrogen atom, the alkylation
capacity of the IPC increases sharply and the thermal
isomerisation is facilitated despite the fact that the elec-
tron-accepting substituents at the nitrogen atom make the
IPC much less nucleophilic. The alkylating capacity of
IPC with powerful electron-accepting substituents at the
nitrogen atom is greatly superior to that of the correspond-
ing phosphates and thiophosphates4*7'10.

(CH3)3Si-O-P=N- system have been discovered in recent
years. The irreversible migration has been found in
phosphazines60. It has been shown that phosphazines,
formed as intermediates in the reaction of dialkyl tr i-
methylsilyl phosphites with methyl diazoacetate, iso-
merise completely to the corresponding dialkyl N-methoxy-
carbony lmethylene -N' -trimethylsilylhydrazidophosphates
(RO)2P(O)N[Si(CH3)3]JV=CHCOOCH3 even at room tempera-
ture. Dialkyl trimethylsilyl phenylimidophosphates
(XLVin), formed in the reaction of dialkyltrimethylsilyl
phosphites with phenyl azide, are converted under the
reaction conditions into dialkyl iV-phenyl-N-trimethylsilyl-
amidophosphates (XLLX).81>«2

(CHS)3 SiO. R~ .. _. . - „ .

8O^P=NQ,H.^R°>J-N<'Sl(CHl)l

R 0 / R<y \ C , H ,
(XLVIII) (XLIX)

The reversible migration of the trimethylsilyl group in

the O-P=N-system has been observed for compound
I

(XLIX, R = CH3) (on heating) and for diphenyl iV-phenyl-
AT-trimethylsilylamidophosphate (L).63 In the latter case
the product contains 89% of (L) and 11% of form (LI) at
28 °C:

0 .SUCH,), (CH,)sSiOx

•N^ ^ C,H8O-P=NC6H8 .
NC,H8 C H s O /

(LI)

At 129°C the contents of forms (L) and (LI) are 80 and
20% respectively (XH and 31P NMR data).

III. THE IMIDE-IMIDE REARRANGEMENT

In the general case the imide-imide rearrangement
can be represented schematically as follows:

R<\ 0 Y—Z

p_N=E- +RX

where E = C or P, Y = O or S, and X-Z are electrophiles.

1. Rearrangement Under the Influence of Alkylating and
Acylating Agents

The first example of the imide-imide rearrangement
was observed by Kabachnik et al.2 on heating triethyl
acetylimidophosphate with alkyl halides (100-130°C?
4-6 h). This results in the formation of O-alkyl
iV-(diethoxyphosphoryl)iminoacetates, i.e. the rearrange-
ment proceeds at the car bony 1 oxygen atom:

(C2H6O)3 P = N - C - C H 3 -=£->• (C2H6O)2 P - N = C - C H 3 .
II II I

O O OR

4. Rearrangement with Participation of the Trimethyl-
silyl Group

In the examples considered hitherto, the imide-amide
rearrangement was irreversible with the exception of the
rearrangement of compound (XXXI),46 which we believe
requires confirmation. Instances of both irreversible and
reversible migration of the trimethylsilyl group in the

Thiophosphorylimidophosphates are alkylated usually
at the thiono-sulphur atom. The reaction of O-methyl
diphenyl(diphenylthiophosphorylimido)phosphinate with
methyl iodide has been described64:

C H s °
C.H,

SC6H6

, C8H8V|1 /
—<• >P-N=P-C6HS

\ , C,H6
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Khodak, Gilyarov, and Kabachnik65*66 showed that the
reaction of trialkyl dialkoxythiophosphorylimidophos-
phates with dialkyl sulphates proceeds via a stage involving
the formation of quasi-phosphonium salts (LII), which
decompose under the influence of nucleophiles with for-
mation of the products of the imide-imide [compound (LIII)]
and (or) thione-thiol [compound (LIV)] rearrangements:

ROXP=N-^°R' ^ ™ ^ RO-P-N^OR' X ~ ^
R 0 / OR' LRO^ NDR'J

(LII)
o SR, RO o

- « i ? U R ° \p_N=P-OR' + R O - P = N - p / .
R 0 ^OR' RO'7 0 R ' '
(LIII) (LIV)

X=R"OSO2O or B(C6HB)4 .

The imide-imide rearrangement proceeds via the
reaction of phosphorylimidophosphates with acylating
agents. Thus in the reaction of triethyl diethoxyphos -
phorylimidophosphate (LV) with benzoyl chloride (10 h,
60°C) the acylation is directed to the phosphoryl oxygen
atom and the anhydride (LVI) is formed, its structure
being confirmed by 31P NMR:

general type. It proceeds readily for methoxy-deriva-
tives. Thus even at 20°C trimethyl diethylphosphoryl-
imidophosphate (LIX) undergoes partial isomerisation
after a few days, and virtually complete isomerisation
after four months, to the ester (LX); the product of the
imide-amide rearrangement (LXI) is also formed as an
admixture:

1 /C2HB
(CH3O)3P=N-P<

(LIX) XC2H6

° /OCH.,
(CH3O)2 P—N=P—C2HB

(LX) \ c 2 H B

O O
II II

(CH3O)2P—N—P (C2HB)2

CH3 (LXI)

On thermal isomerisation, trialkyl alkoxyalkylphos-
phorylimidophosphates give rise to products of the imide-
amide or imide-imide rearrangement, depending on the
reaction conditions54'69 (see Section II, subsection 3).

The imide-imide rearrangement with formation of the
imidophosphates (LXII) is observed in the thermal iso-
merisation of trialkyl tetra-alkyldiamidophosphoryl-
imidophosphates, the rate of isomerisation decreasing in
the following sequence of groups R : CH3 > C2H5 > C4Hg:

O

(C2H6O)3 P = N P (OC2HB)2 + CSH6COCI

(LV)

O
C2H6OX||

>P

OC2H6
|| |
P - N = P - O - C (O) C,H6 + C2H5C1,

|
OG2H6

(LVI)

The presence of the anhydride linkage has been demon-
strated by the reaction with cyclohexylamine from which
cyclohexylbenzamide and the cyclohexylammonium salt
of bis(diethoxyphosphoryl)imide (LVII) were isolated18'67:

[(C2H5O)2 P (O)]2 NH • RNH2 + C,HBCONHR

(LVII)
R = c

(LVI)

Diethyl phosphorochloridate reacts similarly to
benzoyl chloride:

o OC2HB o
C2H6O | | || /OCsHj

(LV) + (C2HBO)2P(O)Ct-^ \p_N=P-O-P( + C2HBC1
CH0/ | ^OCH

(LVIII)

|
OC2H5

O-Ethyl A?,A,iV',JV'-tetraethyldiamido(diethoxyphosphoryl-
imido)phosphate C2H5O[(C2H5)2N]2P=NP(O)(OC2H5)2 reacts
with benzoyl chloride and diethyl phosphorochloridate
similarly to the imidophosphate (LV).18»67

o o / O R

(RO)3 P = N - P (NR;)2-»(RO)2 P ' _ N = P _ N R ;

(LXII)

For example, trimethyl tetraethyldiamidophosphoryl-
imidophosphate isomerises in 6 h at 85-90°C21

In the thermal isomerisation of thiophosphorylimido-
phosphates mainly the thiono-sulphur atom is attacked,
i.e. the imide-imide rearrangement takes place:

RO ,SR
»

P=N—P
II

>p_N=P

When triethyl diethoxythiophosphorylimidophosphate
(LXIII) is heated (6 h, 140°C), the imidophosphates (LXIV)
and (LXV) are formed4*7:

(C S H 6 O) 3 P=N-P (OCaHB)2 -» (C2HBO)2 P - N = P (OC2HB)2 SC2HB

II
s

(LXIII) (LXIV)
O
\\

+ (C2HBO)3 P = N - P (OC2HB) SC2HB

(LXV)

2. Thermal Isomerisation

The imide-imide rearrangement of phosphorylimido-
phosphates was observed for the first time3 in the
thermal isomerisation of triethyl diethylphosphorylimido-
phosphate and has been called by the authors the "phos-
phazene-phosphoxide rearrangement":

C 2 H B O v ii ^

C2HBO—P=N—p/
CijHuO/ C

CSH5OV

;p_N=P-C2H6

(LVIII)

As shown in subsequent studies53'68, the imide-imide
rearrangement of phosphorylimidophosphates (RO)3P=NP.
.(O)XY (X and Y are alkyl or phenyl groups) is of a

Attack on the sulphur atom occurs in the thermal iso-
merisation of trimethyl diphenoxythiophosphorylimido-
phosphate (LXVI) to the imidophosphate (LXVII) 70:

o
ySCH,

(CH 3O) 3P=N-P(OC 6HB ) 2 -

(LXVI)

. (CH3O)2 P - N = P - O C 0 H B

(LXVII)
\ OC6HB

The thermal isomerisation of triethyl ethoxymethylthio-
phosphoryUmidophosphate (UfVIII) (130°C, 10-11 h) takes
place in a much more complex manner. A detailed study
of this reaction 22 showed that, together with the main
product O-ethyl S-ethyl (diethoxyphosphorylimido)methyl-
phosphonate (LXDC) (77.4%), the isomers '(XV), (LXX),
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and (XVI) are formed in small amounts (8.5, 10.4, and
3.7% respectively; GLC data):

0 s
1 II

(CSH6O)S P = N - P (SC2H6) CHg (C,H6O)2 P - N - P (OC2H8) CH3
| |

<LXX) Of t C4H6 (XV)

S

>SC2H5

(C2H6O)3 P = N - P (OC2H6) CH3

I (LXViri) I

O 0 1
II I! I

(C2H.O)2 P - N - P (SC2H6) CH3

(XVI) C2H,

(CSH5O)2 P-N=P-<

(LXIX)

According to earlier results71, the thermal isomerisation
of the imidophosphate (LXVHI) yields only (XV) under
these conditions.

The introduction of a halogen atom at the phosphorus
atom joined to the imide group in thiophosphorylimido-
phosphates increases sharply the rate of isomerisation.
When difluorothiophosphorylimidophosphorus chloride
difluoride (LXXI) reacts with methanol or ethanol72*73, the
resulting esters (LXXII) isomerise to the thioesters
(LXXIII) already during the reaction:

N>P-N=P-C1

(LXXI)

--» yP—N=-P—OR-N=
F ' V

(LXXII)
; = CH3, orC2H5.

SR

l
F

F\l /
>P=N—P=O
(LXXIII)

Such isomerisation is difficult for the products of the
reaction of difluorothiophosphorylimidophosphorus
trichloride (LXXIV) with alcohols:

[(LXXIX)-(LXXXIV)] undergoes both reversible [(a)—(b)]
and irreversible [(a) -* (b)] transfers:

R,PA=N-PBR'S ? R,PA-N=PBR;

6 o
(a) (b)

(LXXIX): R=R'=OCH3; (LXXX): R=R'=OC2H6;
(LXXXI): R=OCSH6, R'=OC4H9 -iso ; (LXXXII): R'=OCtH6,

R'=N (CH,)2; (LXXXIII) : R==OC2H6, R'=C2H6;
(LXXXIV): R=OCH3> R'=OC2H6 .

A reversible transfer of the trimethylsilyl group has
been observed for the imidophosphates (LXXK)-(LXXXI)
(the spectrum contains one broad signal at room tem-
perature and an AB-quartet due to the two non-equivalent
phosphorus atoms appears at a reduced temperature where
exchange is inhibited). The observed changes in the spec-
trum as a function of temperature indicate the occurrence
of slow (in terms of the NMR time scale) exchange. This
made it possible to determine the lifetime T of each iso-
meric form.

An irreversible transfer of the trimethylsilyl group
has been observed for the imidophosphates (LXXII)-
(LXXXIV). On the basis of the scheme used for the
synthesis, compounds (a) should have been formed in the
absence of a rearrangement:

/
(CH3),SiO

, >• R2P==NPR. + N2

II /
0 (CH3)3 SiO

(a)

4
l \ C
S
(LXXIV)

>P=N—P=O + >P—N=P—OR
F/k X« F / l \c,

(LXXV) (LXXVI)

Thus the decrease of the electronegativity of the sub-
stituents at the phosphorus atom joined to the imide group
(on passing from fluorine to chlorine) hinders the iso-
merisation.

The S-isomers (LXXVIII) were isolated in the reaction
between (LXXVII) and methanol or ethanol (at 20°C) 75:

S Cl c ,

>P—N=P—N=P—Cl R O H

C I / c, Xc,

RS
Cl—P=N—P=N—P<

1 /

(LXXVII)
Cl

(LXXVIII)

Consequently the removal of the alkylating group RO to the
(-N=PC12-) fragment does not affect the ease of iso-
merisation.

However, in fact the compounds obtained have a structure
corresponding to form (b) according to 31P-{1H} NMR
spectra, i.e. under the reaction conditions the trimethyl-
silyl group passes to the phosphoryl oxygen linked to the
PB atom.

Later Riesel and coworkers77'78 reported the revers-
ible migration of the trimethylsilyl group in the "sym-
metrical" imidophosphates [(CH3)3SiO]R2P=NP(O)PR2
(R is an alkoxy or a dialkylamido-group) on the basis of
31P NMR spectra.

The reversible migration of other groups (ethyl,
benzoyl, or benzyl) in the imidophosphates R2(XO)P=NP.
.(O)R2 [R = OC2H5, X = C2HS or C ^ C O ; R = N(C2H5)2,
X = C6HgCH2] could not be observed at temperatures
between -80°C and +90°C according to " P - f 1 ^ NMR
data76.

IV. THE MECHANISMS OF THE IMIDE-AMIDE AND
IMIDE-IMIDE REARRANGEMENTS

3. Rearrangement with Participation of the Trimethylsilyl
Group

In all the instances considered hitherto the imide-
imide rearrangement was irreversible.

It has been found62'76 by ^ P - O H ) NMR that the tr i-
methylsilyl group in many phosphorylimidophosphates

There have been few studies devoted to the investiga-
tion of the mechanisms of the above rearrangements. In
some cases only hypotheses concerning the mechanism
have been put forward.

As stated above, the kinetics of the reaction of ethoxy-
(phenylimido)phosphorus compounds (V) with ethyl iodide
have been studied11'13'14. Two alternative pathways had
been suggested previously to account for the mechanism
of the imide-amide rearrangement1: (a) a two-stage
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pathway with an intermediate quasi-phosphonium com-
pound (b) a single-stage pathway with a cyclic transition
stage:

-!+

C6H5

B—P=NC 6 H 5 + C2HSI

(V)
A \
R/k

\

(VI)

C2H5I .

n / i j

The logarithms of the rate constants listed in the Table
are linearly correlated with aPn for the substituents
at the phosphorus atom:

Ig* =3.44—0.604 2 oph .

The low absolute value of the correlation parameter
p = 0.604 supports a cyclic transition state, i.e. mecha-
nism (b).

The study of the mechanism of the hydrolysis of
triethyl phenylimidophosphate (I) in the presence of H2

18O
at different pH (between 2 and 8) showed79 that the content
of 18O in the hydrolysis products depends on pH [from 22%
at low pH values (pH ~ 2) to 80% at high pH values (pH~8)].
The authors 79 suggest that at low pH values the adduct of
the protonated imidophosphate and water is dealkylated
under the influence of another water molecule with elimina-
tion of the water molecule which had added on initially:

A study of the isomerisation of triethyl methoxymethyl-
phosphorylimidophosphate (LXXXV) by XH NMR showed69

that an imide-imide rearrangement takes place initially
with formation of the imidophosphate (LXXXVI) and then,
after further heating, it is followed by an imide-amide
rearrangement; the methyl group then migrates to the
nitrogen atom and compound (LXXXVII) is formed:

O
I CH

( C 2 H s O ) s P = N - p / "
(LXXXV)

SOCH:

(C2HSO)2 P-N=P-CH3

s / (LXXXVI)

1/
\ O C H ,

/ I Io o
II II /OC2H6

(C2H6O)2 P - N - P f
I XCH3

CH3

(LXXXVII)

As regards the mechanism of the imide-imide rearrange-
ment of phosphorylimidophosphates, it has been suggested
that the reaction is intermolecular in the case of trialkyl
dialkylphosphorylimidophosphates68 or triethyl methoxy-
methylphosphorylimidophosphate (LXXXV).69

It has been suggested74 that the conversion of O-alkyl
dihalogeno(dihalogenothiophosphorylimido)phosphates into
the S -alkyl isomers is likewise an intramolecular process
and can be represented schematically as follows:

(C2H5O)2P-NHC6H5

. O I L
-H2O,-C2H5OH2

(C2H5O)2PNHC6H5

(XX)

Under these conditions, all the oxygen atoms in the imido-
phosphate (I) are retained in the amidophosphate (XX).

At higher pH values the neutral form of the intermediate
may decompose with expulsion of the ethoxy-group:

,OC,H,

(C2H5O)2P—NHC6H5 (XX)

It is suggested that this entails an increase of the content
of labelled oxygen in the amide (XX) formed.

The mechanism of the thermal isomerisation of aryl
or alkyl imidophosphates has not been specially studied.
Pudovik and coworkers 33»34 investigated the thermal
isomerisation of O-allyl phenylimidophosphates and con-
cluded that it is an intramolecular process with a cyclic
transition state (A) (the reaction is accompanied by the
inversion of the allyl group). Referring to these results,
Goldwhite et al. *° suggested that the thermal isomerisation
of trimethyl methylimidophosphate also proceeds via the
intramolecular mechanism (B):

CH2

(C 2 H 5 O) 2 P ' N ^ / CH 2

(A)

CH3

CH3

(B)

Khodak et al.70 studied the mechanism of the imide-
imide rearrangement in relation to the thermal isomerisa-
tion of trimethyl diphenoxythiophosphorylimidophosphate
(LXVI). The kinetics of the isomerisation at 98 °C in
bromobenzene are described satisfactorily by a second-
order equation [* = (6.3 ± 0.3) x 10"5 litre mole"1 s"1].
Having investigated the influence of temperature and the
dielectric constant of the medium on the isomerisation
rate constant, the authors70 concluded that the mechanism
involving intermolecular alkylation with a low-polarity
transition state and the formation of an ion pair as a
rapidly reacting intermediate is most probable for the
isomerisation of the imidophosphate (LXVI) to the imido-
phosphate (LXVII):

2 (LXVI) -»[(CH3O)2P=N-P(OC6H5)2] [(CH,O)3 P = N - P (OC8H5)2]
I II I

O - S SCH,

- 2 (LXVII)

In order to elucidate the mechanism of the migration of
the trimethylsilyl group (see above), the order of the
reaction of dimethyl trimethylsilyl dimethoxyphosphoryl-
imidophosphate (LXXLX) was determined. The dependence
of the lifetime of one of the tautomeric forms [the life-
times are the same for the imidophosphate (LXXLX)] on
concentration was investigated by XH NMR.76 It was
found that at the same temperature the lifetimes are the
same in solutions at different concentrations (in chloro-
form). This shows that the reaction is of first order, i.e.
that the imidophosphate (LXXLX) undergoes an intra-
molecular rearrangement. Mechanism a involving the
formation of a cyclic intermediate, may be proposed for
the rearrangement, in view of the presence of the unshared
d orbitals of the silicon atom. Nor can one rule out the
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ionic mechanism b—the migration of the trimethylsilyl
group as a cation:

SUCH3)3

^ N ^ O C H ,

Si(CH3)3

J \ l 11/
P. P

•y v.-/ s

i(CH3)3

Si(CH3)3

1/OCH,

vr

Examination of the data for the imide-amide and
imide-imide rearrangement permits the conclusion that

I I I
the IPC containing the R-O-P=N-, R-O-P=N-P=O,

II I II
and R-O-P=N-P=S groups are highly reactive.

I I
In many instances these rearrangements may be used

as a method for the synthesis of new IPC and phosphorus
acid amides.

The results of the study of the thermal isomerisation
permit the conclusion that, owing to the high lability of
the IPC, their synthesis in a pure form requires special
checks (by thin-layer chromatography, infrared spectro-
scopy, 31P NMR, and XH NMR).

Since certain types of IPC may have practical applica-
tions as drugs90, herbicides81'82, and defoliants83, the
importance of studies on the imide-amide and imide-
imide rearrangements can be readily understood. This
field of the IPC chemistry is developing vigorously; we
may expect that it will yield new interesting theoretical
and practical results.
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